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Abstract. The objective of this study was to develop basic oxygen furnace slag (BOFS) blended with Fly Ash (FA) 
based masonry blocks that can be used in building and construction. The effect of variation of FA, potassium 
hydroxide (KOH) concentration, curing temperature, solid-liquid ratio on the Unconfined Compressive Strength 
(UCS) was investigated. The optimum conditions for synthesis of  BOFS/ FA based masonry blocks was found to be 
9 M KOH concentration, 20% Solid- liquid (S/L) and 1:5, FA:BOFS mixing ratio and curing temperature 80 ℃. The 
masonry block prepared under aforementioned optimum condition achieved unconfined compressive strength (UCS) 
of 9.67 MPa. Characterization of the masonry blocks was done using X-Ray Diffraction (XRD) analysis, X-Ray 
Fluorescene (XRF) analysis. The major phase identified in XRD pattern for BOFS was larnite whereas for FA was 
glassy aluminosilicate. Optimum BOFS/FA masonry block had new phase which is zeolite (Philipsite) responsible for 
higher UCS of the construction block. The produced construction block met the minimum requirements for ASTM 
C34-13, C129-14a and South African standard (SANS227: 2007).  
1 Introduction 
The rapid  growth of industrialization has resulted in the 
generation of large quantities of Basic Oxygen Furnace 
Slag (BOFS) and Coal fly ash (CFA) of which the 
available land for land-filling of large quantities of waste 
is reducing all over the world [1]. In South Africa alone, 
35 million tons of coal ash is generated annually, where 
29 million is FA and 6 million is bottom ash [2]. The 
main sources of fly ash (FA) are coal fired power stations 
and cement producers are the main consumers of FA [2]. 
Previous studies on utilization of FA has found that the 
cement making industry uses about 72% of the total FA 
volume (2.5 million tons) consumed yearly in South 
Africa [2]. Out of the 29 million tons produces, only 2.5 
million tons is consumed and the remaining annually 
piles up in our landfills. It is estimated that by 2020 42 
million tons of FA will be generated yearly on average 
[2]. On the other hand, approximately 5.7 million tons of 
slag is produced annually in South Africa of which less 
than 50% is utilized and the remainder being disposed in 
landfills [3]. In other countries like China 120 million 
tons of slag is produced annually and only 22% is utilized 
which leads to the occupation of farmland and serious 
pollution to the environment [4]. In the United States 10- 
15 million tons of steel slag are produced every year. 
Approximately 40% of the steel slag output is initially 
stockpiled in the steel plants and, eventually, sent to slag 
disposal sites [5]. Alkaline activated BOF slag utilization 
in road constructions has decline due to high 
concentration of free lime. It has been reported that less 
than 50 percent of the BOF slag is utilized, and the 
remainder is dumped. Previous studies on the properties 
of BOFS for construction applications, showed that free 
lime (CaO) causes expansion at early ages and form Ca 
(OH)2  resulting in dimensional instability of building or 
material constructed [6].  BOFS and Fly ash application 
technology in South Africa has been primarily been used 
in civil engineering works. However, the use of BOFS is 
not suitable for road base course due to its high 
concentrations of free lime. The soluble lime hydrate in 
BOFS causes expansion and disintegration of roadbeds 
and embankments. However, recent studies reported that 
slag expansion could be avoided if the slag particle sizes 
of less than 13.2 mm for use in building and construction 
[7]. Sithole et al. [11] investigated development of 
lightweight construction blocks by alkaline activation of 
BOF slag. It was found that optimum synthesis 
conditions were 5M NaOH, 80°C and 1:1 Sodium 
Silicate: NaOH ratio with a minimum unconfined 
compressive strength (UCS) of 4.1 MPa. Furthermore, 
[10] investigated the development of lightweight 
construction blocks from alkaline activated desilicated fly 
ash. It was found that FA could be alkali activated using 
KOH to produce competent lightweight construction 
block. The developed construction block satisfied the 
minimum requirements for ASTM C34-13 and South 
African standards (SANS227: 2007) for non-facing 
building masonry with a minimum UCS of 14. 25 MPa. 
The feasibility to synthesize construction blocks from 
alkaline activated basic oxygen furnace slag and Fly Ash 
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that meet the minimum requirements for ASTM C34-13, 
C129-14a and South African standard (SANS227: 2007) 
was explored.  In addition, in view of declining 
investments in construction projects, including public 
works projects in recent years, promoting effective 
utilization of BOFS and fly ash while responding to 
environmental demands is of paramount importance.  
2 Experimental Procedure  
Fly Ash and Basic Oxygen Furnace Slag samples were 
obtained from Eskom power station and AcerloMittal 
South African respectively. Rochelle Chemicals supplied 
the alkaline activator KOH. X-ray Fluorescence (XRF- 
Rigaku ZSX Primus II) was used to determine the 
elemental composition of the material. The samples of 
FA and BOFS were dried in an oven at the temperature of 
50 ℃ before conducting any experimental work. The 
material was then pulverized to fine particles size of -75
μm. Alkaline activation of FA and BOFS were carried 
out varying the BOFS: FA ratio, alkaline activator 
concentrations, curing temperature and solid to liquid 
ratio. The alkaline activated BOFS/FA paste were cast 
and cured for 7 days. The chemical and geotechnical 
properties of FA and BOFS are shown in Table 1. 
 
Table 1: Chemical and geotechnical properties of BOFS 
and Fly Ash 
 
Parameter  BOFS FA 
pH  12.7 10.98 
Specific gravity  3.27 2.47 
%Na2O 0.191 0.905 
% CaO  51.81 12.66 
% Al2O3  3.5 16.07 
% SiO2  7.7 40.4 
% MnO  4.188 0.25 
% Fe2O3  27.58 24.6 
% Gravel 0 0 
% Sand  77.92 45 
% Fine  11.12 55 
% Silt  10.96 54.7 
%Clay 0 0.4 
Liquid limit 76 54 
Plastic limit non plastic 3.65 
Shrinkage limit 
non 
shrinking 
4.2 
MDD (kg/m3) 2265 1205 
OMC (%) 10.58 24.3 
 
2.1 Preparation of the paste 
280 g of BOFS and FA were mixed using KOH solution. 
After forming a workable slurry, the slurry was poured 
into a 50 x 50 x 50  mm3 mould. The cast sample was 
allowed to set and was removed from the mould when it 
was stiff enough for demolding. The hardened samples 
were then cured until they were dry. Three specimens 
were casted to investigate each variable per parameter 
3 Results and discussion  
3.1 Effect of FA variation on the UCS 
Figure 1 below shows the effect of FA variation on the 
UCS prepared with different FA content. 
 
Figure 1: The effect of variation of FA on the UCS 
Figure 1 shows that BOFS construction blocks prepared 
with FA/BOFS of 20%  had the highest UCS of 5.63 
MPa; followed by a construction block prepared with 
100% of BOFS and 0% of FA (5.24 MPa). As Si/Al ratio 
plays a huge role during alkaline activation, researchers 
had shown that the addition of FA to BOFS based 
construction blocks helps to maintain the ratio of Si/Al to 
be at 1 to 3 [8]. This range gives  an optimum UCS for 
development of construction block that meet the 
minimum requirements for ASTM C34-13, C129-14a and 
South African standard (SANS227: 2007) [1]. XRF 
results (Table 1) supports the aforementioned as the 9 M 
BOFS based geopolymer prepared with 20 % FA 
maintain a ratio Si/Al to be 1.9. Construction blocks 
prepared with higher FA: BOFS ratio resulted in an 
increase in CaO, thus results in a decrease in UCS. 
Another reason to account for an increase in UCS of 
BOFS/FA based construction block is the BOFS: FA 
(80:20), the reactivity of FA is higher than that of BOFS 
which results in an increase in UCS of geopolymer [8]. 
Materials with higher reactivity allows more silica and 
alumina to be dissolved during alkaline activation [8]. 
The construction blocks prepared with 40%, 60%, 80% 
and 100% FA/BOFS had UCS of 5.21 MPa, 4.71 MPa, 
4.71 MPa and 3.39 MPa respectively. Figure 1 also 
shows that there was a decrease in UCS from a 
construction block prepared with 40% FA to 100 % FA. 
3.2 Effect of KOH concentration on the UCS of 
geopolymer 
 
 
Short title of the conference 
Figure 2: The effect of molar concentration on UCS of 
the construction block 
Figure 2 shows that a construction block prepared with 9 
M KOH concentration had highest compressive strength 
compared to the construction block prepared with 6M and 
3M. UCS for construction block prepared with 3 M, 6 M 
and 9 M KOH solution were 5.90 MPa, 5.96 MPa and 
6.63 MPa respectively. There was an increase in UCS 
with an increase in KOH. This is because of higher KOH 
concentration contributes to dissolution of more silica 
and alumina and formation of larger amount of 
geopolymeric gels and consequently results in higher 
UCS [8]. 
3.3 Effect of solid-liquid ratio on the UCS   
Figure 3 shows the effect of solid-liquid (S/L) ratio on the 
UCS  
 
 
Figure 3 : Effect of solid-liquid (S/L) ratio on the UCS 
of construction block. 
 
Figure 3 shows that geopolymer prepared with 20% S/L 
had the highest UCS which was 9.67 MPa. The UCS for 
S/L ratio of 15%, 25% and 30% were 8.77 MPa, 5.24 
MPa and 3.65 MPa respectively. The construction block 
paste prepared with 25-30% S/L ratio was less workable 
and exhibits segregation compared to the construction 
blocks paste prepared with 20% S/L ratio. At 15% S/L 
ratio, the UCS of geopolymer is slightly close to that of 
optimum one (20% S/L ratio), the slight decrease can be 
accounted by the fact that the construction blocks mix 
with 15% S/L ratio was slightly low in liquid content 
which makes the geopolymer paste less workable and 
thus difficult to mix resulting in slight decrease on UCS 
as compared to construction block with 20% S/L ratio. 
 
3.3 The effect of curing temperature on the UCS 
of geopolymer 
Figure 4 shows the effect of curing temperature on the 
UCS of construction blocks. Curing temperatures were 25 
℃, 40 ℃, 80 ℃ and 100 ℃ respectively. 
 
 
Figure 4: Effect of temperature variation on the UCS 
construction blocks. 
 
Figure 4 shows that the construction blocks cured at 80 
℃ had the highest UCS (9.67 MPa). Construction blocks 
cured at 25 ℃, 40 ℃ and 100 ℃ had a UCS of 3.24 MPa, 
6.89 MPa and 8.83 MPa respectively. Figure 4. shows 
that UCS increases with an increase in curing temperature 
from 25 ℃ up to 80 ℃. Beyond 80 ℃, UCS begins to 
decrease. This agrees with the studies conducted by 
Jaarsveld and Deventer, which studied the effect of 
temperature between ranges from 50℃ to 100 ℃ [2]. 
Curing at 100 ℃ resulted in a decrease in UCS because at 
high temperature the construction block begins to lose its 
moisture resulting in the construction block cracking and 
losing its structural integrity [2, 3]. Studies by Deventer 
supported that at 80 ℃ (optimum curing temperature), 
construction block is still retaining some moisture which 
prevents cracking thus makes its compressive strength 
higher [2]. 
3.4 XRF analysis before and after alkaline 
activation effect of curing temperature on the 
UCS of geopolymer 
Table 2 shows the XRF results of raw FA, raw BOF slag 
and 9M BOF/FA geopolymer. The constituent of each 
elements in oxide is shown in percentage. 
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Table 2: Chemical composition of FA and BOF slag 
Chemical 
composition (%) 
Raw 
FA 
Raw 
BOFS 
9M 
BOFS/FA  
Na2O 0.47 0.16 8.26 
MgO 1.60 3.63 2.45 
Al2O3   20.34 4.21 6.90 
SiO2 44.98 10.51 18.35 
P2O5 0.41 0.79 0.47 
SO3 1.68 0.97 1.35 
K2O 1.00 0.1 0.3 
CaO 12.55 47.50 32.88 
TiO2 1.72 0.37 0.71 
Cr2O3 0.11 0.20 0.22 
MnO 14.6 3.95 2.85 
Fe2O3 0.11 - 25.85 
SrO 0.23 - 0.1 
Table 2 shows that the main dominant elements in the FA 
oxides are aluminium (20.34 %) and silicon (44.98 %) 
hence FA is the rich source of aluminosilicate and  was 
used to supplement BOFS to produce alkaline activated 
BOFS/FA based construction blocks.  The main oxide 
element present in BOFS is Ca (47.50 %) followed by 
silicon (10.51 %). XRF results of 9 M BOF/FA based 
geopolymer shows that CaO % has reduced from 47.5 to 
32.9 % which shows that alkaline activation reaction has 
taken place. During alkaline activation Ca2+ reacts with 
OH- to form Ca(OH)2 . In the alkaline activation chain of 
BOFS/ FA paste, there is negatively charged ions chain 
of -Si-O-Si-O- , the free cation Ca2+ react with negative 
charged silicate to form Ca2(SiO4) which is the phase to 
be expected in XRD pattern.  There was more dissolution 
of aluminosilicates with increase in concentration of 
KOH [9]. After dissolution, Si4+ and Al3+ ions are 
released, since SiO2 exist in greater percentage than 
Al2O3 (from XRF results table 1) the rate of leaching is 
higher in Si4+ than in Al3+ [9]. This means during 
depolymerisation reaction, a greater number of ions Si4+ 
took part in the formation of tetrahedral oligomeric 
silicate units than aluminate units. After 
depolymerisation, poly-condensation reaction took place 
and geopolymer chain is thus produced [9]. 
4 Conclusion 
BOFS/FA based construction blocks prepared with 20 % 
FA accounted for high UCS because of high reactivity of 
FA and stabilisation of Si/Al ratio range during alkaline 
activation by FA. Solid-liquid ratio of 20 % contributed 
to an increase in UCS of the construction block because 
of more workability. The optimum curing temperature 
was found to be 80 ℃ because the UCS was enhance and 
the structural integrity of the construction block was 
maintained.  The optimum KOH concentration for 
developing a construction block with high UCS was 
found to be 9 M with UCS of 9.39 MPa. The produced 
construction block met the minimum requirements for 
ASTM C34-13, C129-14a and South African standard 
(SANS227: 2007). 
                
Use italics for variables (u) and bold (u) for vectors. 
The order for brackets should be {[()]}, except where 
brackets have special significance.  
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